Introduction

51
All living systems possess the fundamental property to regulate physical or genetic states in 52 response to environmental stimuli. Caenorhabditis elegans (C. elegans) offers one of the unique models to 53 study transgenerational adaptation to environmental changes as it can reproduce in large numbers and has 54 a natural ability to live in both terrestrial and aquatic conditions (Félix and Braendle 2010) . This eukaryotic 55 organism provides the opportunity to study genetic mechanisms in the whole animal rather than a cell 56 culture. In addition, it can consume a bacterial or an axenic food source thereby enabling adaptation studies 57 related to diet. Placing the worms from bacteria seeded agar plates (OP50 NGM) to an aquatic axenic 58 media poses a drastic change for the animals. For example, the animals display locomotive differences in 59 the domestication of the N2 strain maintained in the laboratory environment has created a selective pressure 74 on the animals (Sterken et al. 2015) . Some of the essential questions that await answers are whether: 1.) 75 the adaptive responses depend on the genotype or the environment change; 2.) the environment change-76 induced gene expression profiles are transmitted to the successive generation in equal levels for different 77 genotypes; 3.) the environment change-induced gene expression profiles are transmitted to the next 78 generation equally for different environmental conditions. 79
To study the transcriptomic responses in the adaptation of C. elegans from terrestrial to aquatic 80 environments, we maintained the P0 worms on bacteria-seeded agar plates and F1 in liquid cultures. By 81 culturing F2 generation back on agar, we identified the maintained transgenerational transcriptional 82 responses. The domesticated N2 strain and a wild isolate AB1 strain were used to examine if a different 83 genotype attributes to the transcriptional dynamics. We revealed substantial variances in gene expression 84 profiles resulting from different genotypes, environments, and genotype-environment interactions. Our 85 of the uniquely genes expressed in CeHR or S-Medium varies among the experiments (Chi-squared test  111 with Yates correction; P-value < 0.01). Interestingly, the number of genes kept in the epigenetic memory 112 after exposure to an environment change (F1F2) showed significant difference between the AB1 and N2 113
strains, but not within the N2 strain experiments (Chi-squared test with Yates correction; P-value < 0.01 114 and P-value = 0.2, respectively). Together, these results suggest that the condition-specific expression of 115 genes are independent of the genotype and the environment separately-but dependent on their interaction, 116 whereas the formation of the epigenetic memory depends on the genotype. 
123
Further analyses revealed that non-coding RNA (ncRNA) molecules are enriched (20% -75%) in 124 our pool of condition-specific transcripts indicating their function in genetic adaptation (Fig. 1C) . To note, 125 only the polyadenylated ncRNA molecules were included in the analysis and piRNA and miRNA molecules 126
were excluded from the analysis due to their short lengths. The ncRNA molecules were predominantly 127 observed more in the P0 generation of N2 strain compared to the P0 AB1 strain. Moreover, lower number 128 of ncRNA molecules were expressed when the animals are exposed to an environment change (Fig. 1C, D,  129 and Supplemental Fig. S2 ). Our results indicate that ncRNA expression is mainly silenced when the worms 130 are exposed to an environment change. The fact that a laboratory condition presents an environment change 131
Environment, Genotype, and Environment-Genotype Specific Expression of Genes
146
We grouped the genes based on their genotype, environment, or genotype-environment interaction 147 specific expression ( Fig. 2 and Supplemental Dataset S1). For this analysis, a more stringent criterion was 148 used by including the genes with expression levels higher than pmp-3 of FPKM = 21. This housekeeping 149 gene was selected as a reference because of its stable expression levels found both in previous studies and 150 our analysis (Hoogewijs et al. 2008; Zhang et al. 2012) . We defined the genes detected in only one 151 environmental condition for both the strains as "environment-specific", and found that CeHR-specific gene 152 expression displayed Gene Ontology (GO) enrichment for the neuropeptide signaling pathway. Given that 153 this pathway functions in numerous behavioral activities such as reproduction, locomotion, 154 mechanosensation and chemosensation, it is likely that neuropeptide signaling pathway plays a key role in 155 adaptation to CeHR and is evolutionarily conserved between the strains (Li and Kim 2008). 156 
162
The "genotype-specific" expression represents the genes found in only one of the strains under a 163 single environmental condition. All the N2 specific genes showed GO enrichment for body morphogenesis 164 in all the three generations while reproduction and locomotion GO enrichment were observed in P0 and F1 165 generations (Fig. 2) . These genes may be the ones that have undergone genetic assimilation in response to 166 the domestication of the animals. Previously we reported that the N2 worms produce less progeny compared 167 to the AB1 animals in CeHR (Doh et al. 2016). Our analysis showed that along with the reproduction genes, 168 genes related to hermaphrodite genitalia development were expressed exclusively in N2 strain in CeHR. 169
This finding may suggest vulva aberrations in the reproductive system. In addition, the exclusive expression 170 of the genes functioning in positive regulation of multicellular organism growth may help the animals 171 readapt to the OP50 NGM condition in the F2 generation of the N2 animals. 172
The genes expressed solely under a particular environment and strain were categorized as 173 "genotype-environment interaction" genes ( Fig. 2) . This group of genes did not demonstrate an enrichment 174 of GO terms. The proportion of ncRNA molecules in our group of genes showed correlation with our 175 example, the N2 worms showed relatively higher proportions of ncRNAs for interaction and genotype-177 related genes on OP50 NGM, but these proportions were much lower in more stressful CeHR and CeHR 178 reversion (Fig. 2) . 179
Domesticated Strain Presents Higher Differential Expression under Environment Changes
180
To investigate the differences in transcriptional responses between the strains and among the 181 environmental conditions, we identified the differentially expressed genes (DEGs). The estimated fold 182 change responses of ten randomly selected transcripts were confirmed by quantitative RT-PCR 183 (Supplemental Fig. S3 and Supplemental Table S2 ). We found the highest number of DEGs between OP50 184 NGM and CeHR conditions for the N2 strain indicating that the change in diet and physical environment 185 triggers more transcriptional responses for adaptation of the domesticated strain ( (Fig. 3) . We hypothesized that if these genes are indeed passed to the next generation 203 through epigenetic memory, they should present sequence motif enrichment in their promoter region to 204 enable their recognition. Intriguingly, the genes kept in the epigenetic memory after exposure to CeHR 205 showed enrichment for different sequence motifs (Fig. 4A) . This difference was expected as the DEG 206 profiles were highly variant between the strains (Fig. 3) . Similarly, the DEGs in the F1 generations presented 207 enrichment on distinct tissues (Fig. 4B) OP50 NGM in the N2 strain (Fig. 3) . The fact that this GO term is not enriched for AB1 implies that the 221 phenotype is caused by a separate transcriptional mechanism. 222
Another interesting finding is that neuropeptide signaling pathway genes were enriched in response 223 to environment changes. The pathway genes were upregulated in the aquatic environments compared to 224 agar in N2 and in agar compared to the aquatic environment in AB1. Considering that the natural habitat of 225 C. elegans is decaying material rather than soil, placing the wild-isolate animals onto agar plates can create 226 a more stressful environment to the animals than CeHR (Félix and Braendle 2010; Sterken et al. 2015) . 227 N2 strain, the genes functioning in reproduction and oogenesis have been downregulated in CeHR 233 compared to agar and reversion. In AB1, the DEGs among the conditions did not show the same GO 234 enrichment. This pattern is an indicator of phenotypical changes in the reproductive system that can be 235 observed in CeHR but absent in reversion for N2. To test our prediction, the germlines of N2 and AB1 236 adults in the different growth conditions were examined via confocal microscopy (Fig. 5) . CeHR grown N2 237
but not AB1 adults displayed aberrant germlines, suggesting that the reduced fecundity CeHR raised N2 238 animals may have resulted from the inability of animals to make gametes. In agreement with our hypothesis, 239 the worms placed back to agar plates did not exhibit the similar phenotypical abnormalities with CeHR 240 grown animals (Supplemental Fig. S4 ). 241 242 
266
For the N2 worms, another enriched GO term was collagen and cuticulin-based cuticle 267 development for upregulated genes in CeHR compared to agar and reversion conditions. Hence, we 268 animals. In adult animals, cuticular structures were difficult to distinguish between N2 and AB1 via 270 scanning electron microscopy (SEM). More pronounced cuticular structures were detected in the earlier 271 larvae stages with SEM. We observed more protruding alae structures in CeHR grown N2 larvae compared 272 to AB1 larvae, but the annuli were indistinguishable between the two strains (Fig. 6B) . Taken together, the 273 correlation between the function of the DEGs and the observed phenotype suggests that these genes are 274 potentially a part of underlying genetic networks causing these phenotypes. 275
In our previous study, we demonstrated that the body morphology of CeHR grown animals was 276 thinner and longer than OP50 NGM raised animals (Doh et al. 2016). We asked if this change in body 277 morphology was due to a reduction in fat stores that may have resulted from the absence of a bacterial diet. 278 N2 animals grown on OP50 NGM and CeHR were stained with Nile Red (Greenspan et al. 1985) to 279 visualize fat stores in all tissues of L3 and adult animals. We observed no significant difference in the 280 number of fat stores between OP50 NGM and CeHR-grown N2 animals; however, larger fat stores were 281 apparent in the abdominal and tail regions of OP50 NGM grown N2 adults ( Figure 6C) . Thus, the lack of 282 a bacterial diet apparently contributes to the morphological differences through the fat storage. 283
Discussion
284
In this paper, we demonstrated that drastic environment changes cause significant alterations in the 285 transcriptional responses in a C. elegans model. Domestication of the worms leads to unique transcriptional 286 characteristics in the adaptive responses, and these characteristics show correlation with the observed 287 phenotypes. For instance, we detected differential expression in the body morphology-related genes along 288 with the phenotypical changes on the body morphology in CeHR-grown N2 strain, but not the AB1 strain. 289 Furthermore, we found that different environments provoke the condition-specific expression of genes, and 290 some of these genes lacked previous experimental EST or cDNA evidence. 291 between the N2 and AB1 strains which were grown in the same growth conditions. Previous studies have 293 determined that the N2 and wild-isolate CB4856 strains display a high variation in gene expressions and 294 many of these strain-specific variations are related to innate immunity genes (Capra et al. 2008) . Similarly, 295 our GO analysis results showed enrichment in innate immune response for the genes expressed exclusively 296 in the AB1 strain on OP50 NGM (Fig. 2) . The AB1 animals are challenged more with pathogens in their 297 natural habitat. The AB1-specific expression of innate immune response genes indicates that the expression 298 of these genes was kept in the epigenetic memory to prepare the animals for a potential pathogen encounter. 299
This expression profile is lost in domesticated N2. Collectively, our results suggest that C. elegans in the 300 wild have the natural aptitude to survive not only on different food sources but also many other 301 environmental variables including pathogens or the shifts between the terrestrial and aquatic settings. 302
However, years of laboratory domestication of the N2 strain may have given rise to laboratory selections 303 or genetic bottlenecks that may have hindered the ability of the N2 animals to acclimate to changing 304 environments (Sterken et al. 2015) . 305
Our results revealed that specific groups of genes are expressed only in particular environments. 306
Some of these genes lacked transcript evidence previously (Fig. 1D) "ncRNAs," employed in this study was derived from the '7k-set' that was generated by the modENCODE 328 Consortium (Gerstein et al. 2010 ). The '7k-set' was assembled via predictions based on conservation and 329 RNA secondary structure, and therefore, functional genomic studies of these "ncRNAs" are also still 330 lacking. The co-enrichment of the ncRNA expressions with the coding ones suggest an interplay between 331 these two. 332
In our RNA-seq experiments, we used poly(A) selection method but still observed numerous 333 ncRNA molecules. In fact, many eukaryotic ncRNAs are polyadenylated. For example, a poly(A) tail is 334 part of the mature RNA for many long ncRNAs, i.e. Xist that mediates X-chromosome inactivation (Amaral 335 and Mattick 2008). We cannot rule out that the ncRNAs sampled in our study resulted from technical 336 artifacts in the RNA-seq. Nevertheless, many ncRNAs had expression levels higher than the housekeeping 337 gene pmp-3. These findings would seem to suggest that the sampling of these RNAs was not an artifact of 338 RNA-seq. The inclusion of non-polyadenylated ncRNA molecules can bring more insights for 339 understanding the ncRNA functions in adaptation. 
